Aims/hypothesis The mechanisms by which glucose regulates glucagon release are poorly understood. The present study aimed to clarify the direct effects of glucose on the glucagon-releasing alpha cells and those effects mediated by paracrine islet factors. Materials and methods Glucagon, insulin and somatostatin release were measured from incubated mouse pancreatic islets and the cytoplasmic Ca 2+ concentration ([Ca 2+ ] i ) recorded in isolated mouse alpha cells. Results Glucose inhibited glucagon release with maximal effect at 7 mmol/l. Since this concentration corresponded to threshold stimulation of insulin secretion, it is unlikely that inhibition of glucagon secretion is mediated by beta cell factors. Although somatostatin secretion data seemed consistent with a role of this hormone in glucose-inhibited glucagon release, a somatostatin receptor type 2 antagonist stimulated glucagon release without diminishing the inhibitory effect of glucose. In islets exposed to tolbutamide plus 8 mmol/l K + , glucose inhibited glucagon secretion without stimulating the release of insulin and somatostatin, indicating a direct inhibitory effect on the alpha cells that was independent of ATP-sensitive K + channels. Glucose lowered [Ca 2+ ] i of individual alpha cells independently of somatostatin and beta cell factors (insulin, Zn 2+ and γ-aminobutyric acid). Glucose suppression of glucagon release was prevented by inhibitors of the sarco(endo)plasmic reticulum Ca 2+ -ATPase, which abolished the [Ca 2+ ] i -lowering effect of glucose on isolated alpha cells. Conclusions/interpretation Beta cell factors or somatostatin do not seem to mediate glucose inhibition of glucagon secretion. We instead propose that glucose has a direct inhibitory effect on mouse alpha cells by suppressing a depolarising Ca 2+ store-operated current.
Introduction
Diabetes mellitus is a disease with inappropriate secretion of blood glucose-lowering insulin. Failure of glucose to suppress the release of glucose-elevating glucagon aggravates hyperglycaemia in diabetic patients [1] and further glucose elevation has even been found to stimulate glucagon release [2] [3] [4] . Studying mouse pancreatic islets and hamster glucagon-releasing cells, we recently found that this effect may involve paradoxical stimulation of glucagon secretion by high concentrations of glucose [5] . The most important physiological role of the pancreatic alpha cell is the release of glucose-elevating glucagon in response to hypoglycaemia [6] . This glucose counterregulation is also impaired in diabetes, and hypoglycaemia is a significant cause of death in insulin-treated patients [7] . Understanding how glucagon secretion is regulated may lead to new strategies for improved blood glucose control in diabetes.
Insulin secretion from the pancreatic beta cell has been extensively studied. Much less is known about the stimulussecretion coupling of the glucagon-releasing pancreatic alpha cell. Fundamentally different theories about glucose regulation of glucagon secretion have emerged, which can be classified in three not mutually exclusive categories. One involves direct effects of glucose on the alpha cell [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Another is based on an indirect action mediated by release of insulin [17] [18] [19] [20] [21] [22] , γ-aminobutyric acid (GABA) [22] [23] [24] , Zn 2+ [25, 26] or somatostatin [18, 27] . A third predicts that glucose sensing occurs in the hypothalamus with altered neural signalling to alpha cells [28] .
Alternative mechanisms have been suggested to explain direct glucose inhibition of the alpha cells. We proposed earlier that glucose lowers cytoplasmic Ca 2+ concentration ([Ca 2+ ] i ) and inhibits glucagon secretion by stimulating Ca 2+ sequestration in the endoplasmic reticulum [10] . This hypothesis was recently extended, showing that Ca 2+ filling of the endoplasmic reticulum inhibits a depolarising storeoperated current that may control voltage-dependent Ca 2+ influx and glucagon release [15] . Another proposal involves glucose control of the membrane potential via stimulation of electrogenic sodium-potassium counter transport [11] . The two latter alternatives are consistent with glucose shutting off voltage-dependent Ca 2+ entry and glucagon release by hyperpolarising the alpha cell [12, 14, 15] . Paradoxically, it has also been suggested that glucose inhibits glucagon release by depolarising the alpha cells [13, 16] . According to this theory, depolarisation by glucose-induced closure of the ATP-sensitive K + (K ATP ) channels inactivates the Na + channels required for action potential firing and voltagedependent Ca 2+ entry. The present study evaluated different hypotheses for the regulation of glucagon secretion by recording [Ca 2+ ] i in isolated mouse alpha cells and by parallel measurements of glucagon, insulin and somatostatin secretion from pancreatic islets. Beta cell factors or somatostatin do not seem to mediate glucose inhibition of glucagon secretion. The results are instead consistent with direct glucose inhibition of mouse alpha cells by suppression of a depolarising Ca 2+ store-operated current.
Materials and methods
Materials Reagents of analytical grade and deionised water were used. Collagenase was obtained from Boehringer Mannheim (Mannheim, Germany) and trypsin, penicillin, streptomycin, gentamicin and the Ca 2+ indicator fura-2 acetoxymethyl ester from Invitrogen (Carlsbad, CA, USA). Gibco (Paisley, Scotland, UK) supplied RPMI 1640, Dulbecco's modified essential medium and fetal calf serum. Poly-L-lysine, pertussis toxin (PTX), BSA, GABA, HEPES, thapsigargin, wortmannin, adrenaline and nifedipine were supplied by Sigma Chemical (St Louis, MO, USA). Cyclopiazonic acid (CPA) was from Calbiochem (La Jolla, CA, USA), and ω-conotoxin from Alomone Labs (Jerusalem, Israel). Tolbutamide and the somatostatin receptor type 2 (SSTR-2) antagonist PRL-2903 were kind gifts from Hoechst Marion Roussel (Stockholm, Sweden) and D. H. Coy (Tulane University, New Orleans, LA, USA), respectively.
Preparation of pancreatic islets and cells C57 BL/6 mice (Taconic M&B, Ry, Denmark) were used. Local ethics committees approved the experimental procedures. The animals were killed by decapitation under anaesthesia with CO 2 . The peritoneal cavity was opened and collagenase solution was injected into the bile-pancreatic duct to expand the pancreas (glucagon secretion experiments). Pancreas was excised and cut into small pieces, which were digested with collagenase to obtain free islets of Langerhans. The lower duodenal part of the pancreas was rejected to avoid islets with pancreatic polypeptide-producing cells [29] . The freshly isolated islets were either used for studies of glucagon secretion or dissociated into free cells. Free cells were obtained by incubating the islets for 4 min at 37°C in Ca 2+ -deficient medium containing 0.5 mmol/l EDTA and 0.05% trypsin followed by brief shaking. The cells were suspended in RPMI 1640 medium with 5.5 mmol/l glucose supplemented with 10% fetal calf serum, 100 IU/ml penicillin, 100 μg/ml streptomycin and 30 μg/ml gentamicin. Small samples of this suspension (15 μl) were applied to the centres of poly-L-lysine-coated circular 25 mm cover slips. The cover slips were then kept for 60 min in a culture incubator at 37°C with a humidified atmosphere of 5% CO 2 to allow cells to settle and begin attachment. More medium was then added and the cells were cultured for 1 to 3 days. In some experiments 100 ng/ml PTX was present during the last 20 to 24 h.
Loading with indicator Loading of cells with the Ca 2+ indicator fura-2 was performed during 40 min incubation at 37°C in a buffer containing 0.5 mg/ml BSA, 125 mmol/l NaCl, 4.8 mmol/l KCl, 1.2 mmol/l MgCl 2 , 1.28 mmol/l CaCl 2 , 3 mmol/l glucose, 1 μmol/l fura-2 acetoxymethyl ester and 25 mmol/l HEPES with pH adjusted to 7.4 with~13 mmol/l NaOH. When the effects of higher concentrations of KCl were tested, osmotic compensation was made by reducing NaCl. The cover slips with the attached cells were used as exchangeable bottoms of an open chamber. The chamber volume was 0.16 ml and the cells were superfused with a medium at a rate of 1 ml/min. Thapsigargin was added directly to the superfusion chamber. The superfusion flow was then interrupted for 2 to 3 min to ascertain an effect of the drug. ] i images were calculated from 340:380 nm ratio images as previously described [15] .
Paracrine influence Image fields with high cell density (average 13 cells per field) were selected to obtain data from more than one alpha cell. Few cells were found in the periphery and the average cell density was considerably smaller. Since the chamber medium was exchanged six times per min, it is obvious that the concentrations of paracrine factors released from beta cells and delta cells were much lower than those reached in the narrow intercellular space of islets when measuring secretion in batch incubations. Maximal stimulation of insulin secretion with 20 mmol/l glucose raised the insulin content of the medium to <1 pmol/l as determined by ultrasensitive ELISA [30] in ten experiments. Pretreatment with PTX, which blocks the inhibitory effect of somatostatin [31] , and exposure to 0.1 μmol/l of the phosphatidylinositol-3 kinase inhibitor wortmannin, which inhibits insulin signalling [17] , were used to clarify whether the effects of glucose on [Ca 2+ ] i could be explained by paracrine influence from delta and beta cells on the cover slip.
Identification of alpha cells The alpha cells were initially selected by their small size and [Ca 2+ ] i response to adrenaline [15, 32] , which is not shared by beta [15] and delta cells [33] . Only alpha cells confirmed by positive glucagon immunostaining were included in the analyses [15] .
Glucagon, insulin and somatostatin secretion Batches of eight to 12 islets were pre-incubated for 30 min at 37°C in 1 ml of Krebs-Ringer buffer (pH 7.4) supplemented with 10 mmol/l HEPES, 0.1% BSA and 1 mmol/l glucose. Each incubation vial was gassed with 95% O 2 and 5% CO 2 to obtain constant pH and oxygenation. The islets were then incubated for 1 h at 37°C in a Krebs-Ringer buffer supplemented with different glucose concentrations, 500 μmol/l tolbutamide, 4.8 or 8 mmol/l K + and 50 μmol/l CPA (as stated in figure legends). Aliquots of the medium were frozen pending the radioimmunoassays [34, 35] .
Statistical analysis Dose-response relationships for the effect of glucose on hormone secretion were analysed with ANOVA and paired Student's t tests. The effects of other additions on the glucose dose-response relationships were evaluated with unpaired Student's t tests. When the glucose concentrations did not match exactly, test data were compared with interpolated control data. The reaction patterns in individual alpha cells were considerably heterogeneous. Even alpha cells on the same cover slip often reacted differently to the same experimental challenge. Due to the qualitative differences in cellular responses, the results have been presented as proportions of cells reacting in different ways. Analyses of the proportion of cells with a certain response were made with two-tailed Fisher's exact test or χ 2 test with Yates' correction. Wilcoxon's signed rank test was used to analyse the effect of different glucose concentrations on [Ca 2+ ] i . All calculations were made by SigmaStat software (Systat Software, Erkrath, Germany).
Results
Relationship between glucose-regulated glucagon, insulin and somatostatin secretion Since glucose control of glucagon secretion has been suggested to involve paracrine release of insulin [17] [18] [19] [20] [21] [22] , GABA [22] [23] [24] and Zn 2+ [25, 26] from the beta cells, and somatostatin from the delta cells [18, 27] , we studied how the glucose concentration affected the release of hormones from mouse islets. Glucagon secretion was inhibited by glucose in the 4 to 20 mmol/l range with maximal effect at 7 mmol/l (Fig. 1a) . The parallel measurements of insulin showed threshold stimulation at 7 mmol/l glucose with maximal secretion at 20 mmol/l (Fig. 1b) . Consequently, it is unlikely that insulin or Zn 2+ co-secreted from the same beta cell granules or the similarly regulated release of GABA from beta cell microvesicles [36] contribute to inhibition of glucagon secretion by up to 7 mmol/l glucose. Although somatostatin secretion was dose-dependently stimulated by 4 to 20 mmol/l glucose (Fig. 1c) , this hormone does not seem to mediate glucose inhibition of glucagon release. Blocking the dominating somatostatin receptor subtype SSTR-2 in alpha cells with PRL-2903 [27] thus stimulated glucagon secretion in low glucose without affecting maximally inhibited secretion in 7 mmol/l sugar (Fig. 1d) . [5, 10, 13, 15, 16] . According to one hypothesis, the latter effect is paradoxically due to closure of K ATP channels with depolarisation leading to voltage-dependent inactivation of Na + channels involved in the action potential firing [13, 16] (Fig. 2a,c) (Fig. 2b,c) . Indeed, with subsequent addition of 500 μmol/l tolbutamide, all alpha cells responded with an increase of [Ca 2+ ] i . Figure 2b shows an alpha cell that did not react with elevation of [Ca 2+ ] i when exposed to either tolbutamide or 8 mmol/l K + individually, but which manifested a clear response when exposed to a combination of both stimuli.
Voltage-dependent Ca 2+ influx into alpha cells has been attributed to opening of both L- [13, 15, 20, 39, 40] and Ntype channels [31] . We therefore tested the identity of the channels causing depolarisation-dependent elevation of [ Fig. 3 ). Taken together, these data indicated that the K ATP channels were functionally active in mouse alpha cells and that their closure tended to activate Ca 2+ influx through L-type channels [31] . In subsequent experiments the combination tolbutamide plus 8 mmol/l K + was used to study K ATP channel-independent effects of glucose.
Glucose inhibits glucagon secretion independently of K ATP channels, beta cell factors and somatostatin Activation of K ATP channels with diazoxide hyperpolarises mouse alpha cells [15] and inhibits glucagon release from mouse islets, but does not prevent additional inhibition by glucose [5] . We now observed that depolarisation with 500 μmol/l tolbutamide plus 8 mmol/l K + inhibited glucagon secretion by 30% at 1 mmol/l glucose without affecting its release at other sugar concentrations (Fig. 4a) . Insulin secretion was slightly stimulated by tolbutamide/8 mmol/l K + at all glucose concentrations (Fig. 4b) . Somatostatin release was stimulated fourfold at 1 mmol/l glucose and by 65% at 20 mmol/l, but no effect of tolbutamide/8 mmol/l K + was seen at 3 to 8 mmol/l glucose (Fig. 4c) . The marked stimulation of somatostatin in 1 mmol/l glucose probably explains the associated inhibition of glucagon release (Fig. 4a) . The presence of tolbutamide/8 mmol/l K + did not prevent glucose inhibition of glucagon secretion in the 5 to 20 mmol/l range, indicating involvement of a mechanism independent of the K ATP channel. Again, inhibition of glucagon secretion by the lower glucose concentrations could not be explained by release of beta cell factors, since insulin secretion remained at basal levels at 1 to 5 mmol/l glucose (Fig. 4b) . Inhibition of glucagon secretion also did not correlate with stimulated release of somatostatin, which was unaffected in the 1 to 8 mmol/l glucose range and enhanced only by 20 mmol/l of the sugar (Fig. 4c) . Since these data suggested that glucose has a direct effect on the alpha cells, we studied how glucose affected the Ca [20] . However, the [Ca 2+ ] i response to 500 μmol/l tolbutamide plus 8 mmol/l K + was unaffected by 20 and 100 nmol/l insulin in all of six and nine alpha cells respectively or by blocking insulin signalling with wortmannin in nine alpha cells (not shown). In addition, 1 mmol/l GABA failed to affect [Ca 2+ ] i in all of five alpha cells exposed to 500 μmol/l tolbutamide plus 8 mmol/l K + (data not shown). Inconsistent with an inhibitory effect of Zn 2+ on glucagon secretion from rat islets [25, 26] (Fig. 5a) . Moreover, an increase of glucose from 1 to 20 mmol/l failed to reduce [Ca 2+ ] i in 74% (five of seven) of alpha cells exposed to CPA and in all of ten alpha cells exposed to thapsigargin (data not shown). Activation of the store-operated mechanism by blocking the SERCA pump with CPA stimulated glucagon secretion and prevented the inhibitory effect of glucose (Fig. 5b) . In the presence of CPA there was even a slight stimulation of glucagon release by 20 mmol/l glucose. Parallel insulin measurements showed no effect of CPA on basal secretion in 0 to 5 mmol/l glucose and moderate amplification in 8 and 20 mmol/l of the sugar (Fig. 5c ). In the absence of glucose, CPA had no effect on somatostatin secretion, but unexpectedly diminished glucose-stimulated release of the hormone (Fig. 5d) .
CPA stimulation of glucagon secretion was slightly reduced in the presence of tolbutamide/8 mmol/l K + , but glucose still failed to inhibit secretion (Fig. 6a) . Insulin secretion was marginally enhanced when CPA was combined with tolbutamide/8 mmol/l K + compared with CPA alone, but the stimulatory effect of glucose was unaffected (Fig. 6b) . CPA inhibition of somatostatin release in 5 mmol/l glucose ( Fig. 5d) was unaffected by the presence of tolbutamide/8 mmol/l K + (Fig. 6c) . However, tolbutamide/8 mmol/l K + completely reversed CPA inhibition of the somatostin secretion stimulated by 8 to 20 mmol/l glucose (Figs. 5d, 6c ). The data in Figs. 5 and 6 show that activation of the store-operated mechanism abolishes glucose inhibition of glucagon secretion without preventing glucose stimulation of insulin and somatostatin secretion.
Discussion
Glucagon secretion is inhibited by lower glucose concentrations than those stimulating insulin release [41] . Our data indicated that maximal inhibition of glucagon secretion from mouse islets was obtained at the threshold for glucose stimulation of insulin release. In accordance with previous arguments [42] , this finding does not favour the concept that insulin or co-secreted beta cell factors inhibit glucagon release in the 0 to 7 mmol/l glucose range. The observations that the SSTR-2 antagonist PRL-2903 stimulated glucagon secretion in 0 to 3 mmol/l glucose support the idea that somatostatin has a tonic inhibitory effect on alpha cells exposed to low glucose [31] . However, the failure of PRL-2903 to affect maximal inhibition of glucagon release by 7 mmol/l glucose argues against somatostatin as mediator of this inhibition. When the mouse islets were exposed to tolbutamide plus 8 mmol/l K + in 1 mmol/l glucose, partial inhibition of glucagon release occurred concomitantly with a slight increase of insulin and pronounced stimulation of somatostatin secretion. Inhibition of glucagon secretion by tolbutamide alone or K + concentrations up to 16 mmol/l has previously been observed in mouse islets [16] . Based on the present data, we suggest that this inhibition is mediated by somatostatin.
In the presence of tolbutamide plus 8 mmol/l K + glucose induced additional inhibition of glucagon secretion, most of which occurred without accompanying changes in insulin or somatostatin release. Further evidence for insulin-and somatostatin-independent effects on glucagon release was obtained with the observation that CPA inhibition of the SERCA pump stimulated glucagon secretion without affecting basal secretion of insulin or somatostatin. Moreover, CPA prevented glucose inhibition of glucagon secretion. Indeed, during SERCA inhibition, 20 mmol/l glucose stimulated glucagon, insulin and somatostatin release in parallel. Apparently, paracrine interactions do not suffice to explain the observed alterations of glucagon secretion. Glucose inhibits glucagon secretion from clonal glucagonreleasing cells [5, 11, 17] , and studies of pancreatic islets and cells have provided additional evidence that glucose regulates glucagon release by a direct effect on the alpha cell [5, [8] [9] [10] [12] [13] [14] [15] [16] [17] .
The K ATP channel has a central function in glucosestimulated insulin release, transducing an increase in ATP into depolarisation with voltage-dependent influx of Ca 2+ [37] . Paradoxically, the K ATP channel has also been proposed to mediate glucose inhibition of glucagon secretion by depolarising the alpha cell [13, 16] . In this case, depolarisation is assumed to inactivate Na + -dependent action potentials and thereby inhibit secretion by preventing voltage-dependent Ca 2+ influx [13, 16, 31] . The scenario predicts that closure of the K ATP channels should result in depolarisation and lowering of [Ca 2+ ] i . We instead determined that the depolarisation obtained with tolbutamideinduced closure of the K ATP channels was associated with increase of [Ca 2+ ] i in 21% of previously silent alpha cells and in 80% of the cells with spontaneous [Ca 2+ ] i activity in 1 mmol/l glucose. Similar evidence has been obtained with rat alpha cells, which have much higher K ATP channel density [43] than mouse alpha cells [13, 44] . Accordingly, tolbutamide stimulates the electrical activity [43] and exocytosis of glucagon [45] in isolated rat alpha cells, and Experiments were performed as illustrated in Fig. 4d . The percentages of cells with certain responses are indicated, as well as the total numbers of cells. PTX, Wort: results for cells also treated with 100 ng/ml pertussis toxin and exposed to 0.1 μmol/l wortmannin. Statistical evaluation of the glucose effect was made by Wilcoxon signed rank test on the proportions of cells with different responses glucose was recently found to stimulate glucagon release from purified rat alpha cells [46] . Interestingly, two studies of K ATP channel knockout mice support a stimulatory role of these channels in alpha cells. The most salient effect of knocking out the regulatory K ATP channel subunit sulfonylurea receptor 1 is low glucagon secretion with absent [47] or diminished [48] stimulation in response to lowering of glucose.
We recently proposed that glucose regulates glucagon secretion by a Ca 2+ store-operated mechanism [15] . This model explains both adrenergic stimulation and glucose inhibition of glucagon release. By releasing Ca 2+ from the endoplasmic reticulum, adrenergic stimuli activate a depolarising store-operated influx of cations, which eventually triggers voltage-dependent Ca 2+ influx and glucagon secretion. The role of glucose is to activate Ca 2+ sequestration in the endoplasmic reticulum and shut off the stimulatory cascade. In the absence of voltage-dependent Ca 2+ entry, activation of the store-operated pathway results in a modest rise of [Ca 2+ ] i in alpha cells [15] . The small store-operated current is sufficient to trigger voltagedependent Ca 2+ influx because of the high input resistance [12] and the fact that the action potentials start at voltages as negative as −60 mV [13, 39, 43] . In support of the involvement of a store-operated mechanism in the regulation of glucagon secretion, we observed that activation of the store-operated pathway by SERCA inhibition raised [Ca 2+ ] i and stimulated glucagon release from mouse islets without affecting the basal secretion of insulin or somatostatin. Moreover, SERCA inhibition abolished the [Ca 2+ ] ilowering effect of glucose in isolated alpha cells and prevented glucose inhibition of glucagon secretion from mouse islets despite the fact that the sugar stimulated the release of insulin and somatostatin.
Although rat and mouse are closely related species, glucagon secretion from pancreatic alpha cells may be differently regulated. In isolated rat alpha cells with high K ATP channel density [43] the direct effect of glucose seems to be stimulation of secretion and the inhibitory action may require release of paracrine islet factors [46] . In isolated mouse alpha cells with low K ATP channel density [13, 44] the inhibitory effect of glucose dominated, although closure of the K ATP channels themselves was modestly stimulatory. The data support the concept that glucose has a direct inhibitory effect on the alpha cell by suppressing a depolarising store-operated current. However, neither beta cell factors nor somatostatin seem to mediate glucose inhibition of glucagon secretion.
